Abstract-Airships provide an eco-friendly and cost-effective means to suit sustained airborne operations. Smaller autonomous airships are highly susceptible to adverse atmospheric conditions owing to their under-actuated, underpowered and bulky size relative to other types of unmanned aerial vehicle. To mitigate these limitations, careful considerations of the size and shape must be made at the conceptual design stage. This research presents a methodology for obtaining an optimized shape of a semi-rigid airship. Rapid descent of the LTA ship is to be achieved by means of a moving gondola attached to a rigid keel mounted under the helium envelope from the bow to the mid-section of the hull. The study entails the application of a robust hybrid genetic algorithm (HGA) for a multi-disciplinary design and optimization of an airship capable of rapid descent, with lower drag and optimum surface area. A comprehensive sensitivity analysis is also performed on the basis of algorithmic parameters and atmospheric conditions. With the help of HGA, a semi-rigid airship capable of carrying a payload of 0.25 kg to 1.0 kg and capable of pitching at right angles is conceptually designed. The algorithm is also tested on commercially available vehicles to validate the results. mass of the ballast, kg m g mass of the gondola, kg M air Molar mass of air= 28.97 g/mol m e mass of the envelope, kg M gas Molar mass of helium= 4.0 g/mol m gas mass of helium gas, kg m ru mass of keel per unit length, kg/m m t total mass of the airship, kg P 0 Pressure at ISA mean sea level, P a V. Singh is a graduate student in the
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I. INTRODUCTION
A IRSHIPS use lighter than air gases like hydrogen or helium to gain buoyancy necessary for lift. Invented by the French engineer Henri Giffard in the year 1852 [1] , airships have seen significant changes in the design since their inception. With the technological advances in heavier-than-air aircraft as well as accidents owing to flammable gas hydrogen, there came a sharp decline in the development and use of airships. However, in the past decade or so, there has been a renewed research interest in these aircrafts. Hydrogen is replaced by a safer and almost equally light helium. On account of which, airships offer long endurance flights at speeds as high as 100 km/h [2] . Airships are tailored for applications such as payload delivery, prolonged aerial surveillance, photography, advertising and so on [3] . Owing to its safe, user-friendly and cost-effective qualities, it has leverage over heavier-than-air vehicles like rotary wing aircraft and any ground vehicle. The most common classification of airships is on the basis of structural configuration: rigid airships, semi-rigid airships and non-rigid airships [4] . Rigid airships (e.g. Hindenburg) are made up of solid shell framework with one or more gas cells [5] . These maintain their shape by virtue of their framework and not from the pressure of the lifting gas. Semi-rigid airships have a partial rigid frame mounted inside or outside the hull to subside the total load carried by the airship. Common examples include Zeppelin NT, Norge, Italia. Non-rigid airships or blimps, a contemporary technology like semi-rigid airships, are gas-filled pressure vessels made of natural or synthetic fibre [1] . The hull (helium-filled vessel) is equipped with appendages like gondola, a set of propellers and a tail rotor [6] .
Structural design optimization is divided into three main types: size optimization, shape optimization, and topology optimization [7] . Size optimization involves optimization of dimensions of an existing design, shape optimization improves the shape of the boundaries or an existing features in a design, and topology optimization is a method of optimizing material layout without conserving the shape and size of a current design in the design space. Genetic algorithm is a stochastic heuristic search algorithm premised on the Darwin's theory of genetics and natural selection [8] . It has a tendency to allow a population to evolve under specific selection rules to a state that gives the best fitness value (or minimizes the objective function). Pioneered in 1960s by John Holland, this robust technique performs an intelligent exploitation of the search space irrespective of the objective function contour [9] .
To maximize the efficiency of airships, it is vital to optimize the shape of the airship. Many researchers have presented multi-objective optimization methodologies based off of pertinent design characteristics [10] [11] [12] [13] . The objectives of the optimization are often chosen to relate to the design proposed by the researcher. For instance, aerodynamics is often used to modify the shape of airship hull as shown in [10] [11] [14] . Lutz et al. proposed a CFD model of airships submerged in an incompressible flow to minimize the drag for a given volume of the envelope for a given velocity range [10] . Nejati et al. first used GA to optimize the shape of an airship with a body profile represented by first order continuous axial singularity distribution emphasizing aerodynamic model [11] . Wang et al. pioneered the multi-disciplinary design and optimization of LTA airships with adaptive simulated annealing (SA) considering energy, aerodynamics, structure and weight [12] . Ram et al. showed increased payload capacity by optimizing fins based on static stability and using multi-fabric envelope [13] . Liang et al. presented a concurrent subspace optimization to improve shape, location of solar array and, weight components [15] . Evolutionary techniques provide many powerful options to solve multi-modal, multi-variable problems such as the one at hand.
Other optimization algorithms used in airship design include Constrained Particle Swarm Optimization (PSO) [16] . Amani et al. proposed a unique approach to design an unmanned airship taking into account cost, aerodynamic drag, and static stability and performance [17] . Alam et al. performed multi-disciplinary shape optimization using GA with constraint on the volume to ensure comparability [18] .
On the basis of a thorough review of the previous related research, it can be concluded that airships suffer from an inherent lack of control and maneuverability, in turn, making them unresponsive for practical versatility. Lanteigne et al. presented a model and prototype of unmanned airship with sliding ballast [19] . They demonstrated that the center of gravity (CG) control with respect to the center of volume (CV) assists in altering the pitch of the vehicle for altitude variations, thereby enhancing the maneuverability. This paper focuses on multi-objective optimization of this novel airship architecture to experience minimum aerodynamic drag, surface area, and volume, and has a keel that allows sliding of the ballast.
Our aim is to attain an optimized shape of the airship, that has the capability of rapid descent, given the flight characteristics and payload to be carried. To achieve this, we have used genetic algorithm (GA) coupled with hill climbing (HC).
The remainder of the paper is organized as follows: in Section II, we explain the methodology of the optimization and the problem formulation. In Section III, we highlight the algorithm structure, parameters and performance. In Section IV, we show the results obtained and the simulations. In Section V, we elaborate the sensitivity of some parameters with respect to the independent variables. In Section VI, we summarize the conclusion of the present work. Thereafter, in Section VII, we recommend the potential future work that can be pursued based on the present findings.
II. METHODOLOGY FOR OPTIMIZATION
Airship is an axisymmetric body that experiences two-third of the total drag just on its hull [10] . However, decreasing the aerodynamic drag effects into a streamlined body with larger surface area. Thus, while optimizing an airship, it is indispensable to strike a balance among different objective terms. GA is an ideal technique that gives a perfect combination of exploration and exploitation for this type of multi-variable, multi-modal search space. When combined with the fast convergence ability of local search, the hybrid GA outperforms the either alone [20] [21] [9] [8] . For the present study, Baldwinian evolution is used to pass on the traits to the next generation to refine the results as opposed to Lamarckian evolution as shown in [22] .
A. Problem Formulation
The current work focuses on optimizing the geometry of the airship shown in Fig. 1 also referred to as the optimizing subject. It has a straight body profile and a straight keel at the bow. The keel supports the weight of the airship and also provides a guide-way for sliding of the gondola. The optimization will include an additional keel section at the aft of the hull. The length of the keel is modelled to be from half-way through variable b to an angular extension of α above the nose-center as shown in Fig. 2 . There are justifiable reasons for selecting the above shape i.e. it facilitates the sliding feature of the gondola, helps balance the total weight and, increases the maximum pitch angle. The objective function is as follows:
(1) where, C DV is the volumetric drag of the airship hull, SA is the surface area of the hull, m r is the mass of the keel and, κ refers to the square of the difference between the buoyancy and the total weight of the airship.
C DV 0 , SA 0 , m r0 and, κ 0 correspond to the reference design while their numerators correspond to iterative design parameters that are also a function of the design vector. w 1 , w 2 , w 3 , and w 4 are the weight constants for different terms. Also,
and,
The third term in the objective function keeps a check on the length of the keel. The term κ is significant to keep the total volume to the minimum in optimization.
1) Atmospheric Conditions: Based on the flight parameters like weight of gondola, ballast weight, wind speed, temperature of the flight space, and the height of the flight, the input parameter data is seeded to the algorithm to compute the density of air and helium. For the present work, an altitude of 70 m above the sea level is assumed, a temperature of 15 o C as mean sea level (SL) conditions and, the calculations are performed accordingly. The flight space is limited to the lower region of the atmosphere i.e. troposphere. The temperature at the height is computed as [5] :
and the pressure is given by:
thus, using the above equations, density of the fluids is calculated using the ideal gas equation as follows:
2) Aerodynamic Drag Coefficient: The semi-empirical equation for the volumetric drag coefficient of the airship hull, that is also a combination of Hoerner's equation and the form drag equation, is shown below [4] [5]:
Re 1/6 (7) where, the angle of attack is considered to be zero and the travel speed is taken as 3.61 m/s or 13 km/hr for the aerodynamic drag calculation purposes, that is also the mean wind velocity used in the relevant literature for trajectory planning of airships [23] . Also, the Reynolds number is expressed as
A body is referred to as a bluff body if it has a predominant pressure drag as compared to viscous drag. On the other hand, it is referred to as streamlined when it exhibits a viscous drag domination. In this context, the reference optimization subject has a blunt nose and a relatively higher pressure drag due to the formation of airwake. Hence, it is regarded as a bluff body.
3) Surface Area: The surface area (SA) contributes significantly to the total weight of the ship and, also to the payload capacity. For example, the mass of the helium envelope contributes up to 65% of the total mass of the airship. Thus, to enhance the payload capacity of the ship, the surface area is included in the objective function. The total surface area of the airship hull is the sum of the surface areas of the constituent shapes which is calculated as follows:
4) Weight and Buoyancy: The total weight of the airship is composed of the masses of payload, the envelope, the gondola, and the fuel carried by it. Since the present airship design is based on static lightness, neutral buoyancy is modified to incorporate ballast mass, the calculations for which are performed based on the equations below. The total weight of the airship can be given by:
and the buoyancy of the airship for a given shape is given as [5] :
where, the volume is, The airship weight is modelled in the algorithm to be slightly offset than neutral configuration in order to achieve buoyancy. As a result of such adjustment in the configuration (neutral equilibrium), the airship will ride lighter i.e. statically light, and will achieve descent with the aid of a sliding gondola. 5) Angle α: The keel is extended by an angle α over the nose to control the position of the CG with respect to the CV to design for rapid descent. Fig. 2 shows how at certain angle α, the CG of hull, keel and gondola unit are aligned on the longitudinal axis, thus, enabling 90 0 pitch. While attempting perpendicular descent, the gondola is at the position A and the value of angle α is computed for collinear CGs of all the components.
An in-built Python optimizer is used to solve for the value of α.
B. Optimization Approach
The table I shows the value of the input parameters. A summarized flowchart for the design methodology is shown in 3. In the beginning, algorithm takes in the initial design vector based on the reference design to compute the value of α. This value is, subsequently, passed along with other input parameters including lower and upper bounds for the design vector to the hybrid GA for optimization of the parametric function. The algorithm outputs the best result after the converging criteria is met i.e. the number of generations.
III. HYBRID GENETIC ALGORITHM
GA only relies on the information of fitness function and, thus, has least dependencies to reach a minimum. While GA gravitates speedily to the global minimum, it is not rapid. Consequently, it is strongly recommended to use a local optimizer to find the minimum once the GA has narrowed down the region of search space [8] . There are several ways to employ HGA [8] :
• Run GA until the performance slows down, then allow the local optimizer to take over. It is assumed that the solution passed on is already in the neighborhood of the global minimum.
• GA is seeded with a population that has evolved at some random point in the population at any random gene.
• After every certain number of generations, run a local optimizer on the elite class and modify the population accordingly. For the present problem, second method was used. An HGA has all the regular components such as, selection, cross-over, mutation and elitism, together with an evolution to improve each candidate locally. The algorithm was tested on the benchmark Rastrigin's function and the results were more precise as compared to normal GA.
Details of the HGA algorithm:
We have used value encoding to express genes for each individual. Elitism method is used for natural selection (i.e. to pass solution to next generation). Uniform crossover is performed to generate offsprings with a probability of 10 percent. Since in continuous GA there is no other medium for introduction of new genetic material, mutation is performed on chosen alleles based on absolute random value within the bounds. After mutation, local optimization using Hill climbing is performed on each individual and the evolved individual is passed to the next generation. This type of evolution approach is also referred to as Balwinian approach. Unlike Lamarckian evolution, it only affects the next generation and the process has no effect on parents [22] . For the objective function, weights are chosen for different output terms based on the significance of one vis-à-vis the others. The flow charts for the entire algorithm is split into two components: the main GA as shown in Fig. 4 and the hill climbing chart as shown in Fig. 5 .
IV. SIMULATION AND RESULTS
In this section, the simulation will be explained along with the results. The plot in Fig. 6 for the fitness trend shows the comparisons of best fitness and mean fitness over the iterations. It can be seen that the value of the objective function plummets after the few iterations. The abrupt spikes in the mean fitness profile reflect the occasional introduction of new individuals in the population by mutation.
Other than the complete objective function, the algorithm was simulated for two variants of the objective function using different weights (w 1 = w 2 = 0.5) for volumetric drag and κ called as 'drag model' F drag as shown in eq. 13 and, for surface area and κ called as 'surface area model' F SA as shown in eq. 14, respectively:
All the simulations were performed on Intel(R) Core(TM)-i5-4590 CPU 3.30 GHz processor with a RAM of 4 Gigabytes. The computation time for the composite function was just 18 seconds. Therefore, the process is computationally effective. Fig. 7 shows different body profiles obtained with different objective functions. As can be seen, F SA model tries to decrease the surface area by taking a spherical shape while F drag model tends to make the shape more aerodynamic by increasing the length of the airship. At the same time, the optimum design profile tries to strike a balance of several factors combined and achieves the better design. In Fig.  7 , it is also noticeable that the aft of the ship tends to attain the minimum radius in comparison to that of the red-curve of the reference design. It is to be noted that the C DV is a non-dimensionalized quantity for the total drag coefficient (i.e. it accounts for all types of drag like form drag, skin friction drag and so on). As per the fundamentals of aerodynamics, the phenomenon could be attributed to the fact that beyond the point of transition from laminar to turbulent, the wetted surface area attempts to get smaller in order to minimize the skin friction drag [13] . Furthermore, the sharp edges in the simplified airship body profile due to discontinuity between different geometric shapes lead to manufacturing and operational penalties. Thus, a suitable fillet is introduced while building the hull to mitigate the issue.
The bar chart shown in Fig. 8 tries to capture the characteristics of the design outcomes from the simulation. It highlights the improvement in the design features like objective function value, aerodynamic drag, SA, volume, and the m r for the three simulation models. Here, improvement stands for decrement and negative improvement stands for increment in the value relative to that of the reference shape. Improvement in fitness for the drag is maximum but it does not consider the SA and, hence, is not a preferred design. Likewise, the model for SA is not preferable because it experiences a significant drag.
Using the values from the optimized design, the mass distribution for reference airship and optimized airship are shown in the pie charts in Fig. 9 . As expected, the envelope contributes to almost two-third of the total weight. A polyester polyurethane fabric is used as the envelope with a thickness of 0.1016 mm. This is one of the most suitable materials to be used for unmanned airship hull [5] .
V. SENSITIVITY ANALYSIS
In this section, sensitivity of various parameters like objective function (fitness) and payload is measured with respect to the design variables and the volume of the airship, respectively.
The algorithm was tested for a total of five different gondola masses and the results are plotted to scale. For instance, Fig. 10 shows how an increase in the mass of gondola (m g ) causes a proportional increase in the total In Fig.  11 , the sensitivity of the objective function with respect to the independent design variables is captured. The study was performed by keeping all the other variables are constant at their optimized values while the subject gene varies within their limits. In Fig. 11a , it can be seen that there is a benign region in the whole interval i.e. (0.7-3 m) for the variable 'a' to affect the fitness. On the other hand, there is a narrow valley that is favorable for the minimization of the fitness as seen in Fig. 11b . This region is around 0.9-1.2 m of the dimension 'b'. Similarly, Figs. 11c and 11d , highlight the dependencies of the fitness on the variables. It is interesting to note that the variable 'c' has a crucial effect on the design as it increases. But, like other variables it has a regional optimality. This can be understood by the fact the after a certain limit, the portion becomes too heavy due to conical shape of the stern as it has a higher surface area but a lower buoyancy.
Although the plots in Figs. 11a, 11b, 11c, 11d give a reasonable estimate of the effects of the variables on the parameters, it does not take into account the relation between the variables themselves. For example, an increase in the value of variable 'a' causes a gain in volume and buoyancy, however, it also affects the fitness due to larger keel length around the nose. In other words, 'b' is a better candidate to enhance the buoyancy as it has a smaller factor of keel attached to it. The algorithm tries to locate the global minimum by targeting the optimum regions for several variables simultaneously. It is the novelty of the algorithm to give optimum solutions every time the routine is run.
In Fig. 12 , the CAD model of the gondola superimposed on the optimized hull prototype is depicted.
VI. CONCLUSION
In the past few decades, airships have seen a huge growth in research and applications. The present work was based on algorithmic optimization of the unmanned airship for quick descent using hill-climbing GA. A methodology to optimize the shape of the airship based on payload and atmospheric conditions is presented. Several previous works have considered hoop stress as one of the objective terms [12] , [16] , [18] . However, the airship used for the experiment is inflated slightly above atmospheric pressure and, hence, has negligible circumferential stresses. HGA is a very robust stochastic search heuristic that finds wide applications. It has proven advantages over normal GA or any other gradient based method. In our model, we have ignored the effect of uneven curve in shape due to discontinuity at sphere and cylinder conjunction i.e. between variables a,b; and c,d. We have also neglected the direct effects of fins in SA calculations.
VII. FUTURE TRENDS
The current research could be extended to improve the model to take into account the continuous tail slope i.e. continuous transition from 'c' to 'd' as shown in Fig. 13 . The CG of the fins could be modelled to make the design and estimation more precise. Along the same lines, a precise model of thrust and thrusters could be proposed. Researchers could work to predict the endurance and flight time of the airship to estimate the needs at design stage and optimize the overall design. Prospective researchers could extend the work to design for high-altitude missions for an enhanced range of payload capacity. His current research focuses on the development of lighter-than-air unmanned vehicles for long-term aerial monitoring. This includes the investigation of alternative designs, power management systems, and guidance, navigation, and control strategies. Of particular interest are the challenges linked to fluctuating environmental conditions and its effects on power management and manoeuvrability with particular focus on improving mission-critical landing maneuvers.
